PTEN, a tumor suppressor frequently inactivated in many human cancers, directly antagonizes the activity of phosphatidylinositol-3-OH kinase (PI3K) by dephosphorylating phosphoinositides. We show here that PTEN interacts directly with the NHERF1 and NHERF2 (Na þ /H þ exchanger regulatory factor) homologous adaptor proteins through the PDZ motif of PTEN and the PDZ1 domain of NHERF1 or both PDZ domains of NHERF2. NHERFs were shown to interact directly with platelet-derived growth factor receptor (PDGFR), and we demonstrate the assembly of a ternary complex between PTEN, NHERFs and PDGFR. The activation of the PI3K pathway after PDGFR stimulation was prolonged in NHERF1(À/À) mouse embryonic fibroblasts as compared to wild-type cells, consistent with defective PTEN recruitment to PDGFR in the absence of NHERF1. Depletion of NHERF2 by small interfering RNA similarly increased PI3K signaling. Phenotypically, the loss of NHERF1 enhanced the PDGFinduced cytoskeletal rearrangements and chemotactic migration of the cells. These data indicate that, in normal cells, NHERF proteins recruit PTEN to PDGFR to restrict the activation of the PI3K.
Introduction
PTEN is a tumor suppressor gene frequently inactivated in human cancers (Li et al, 1997; Steck et al, 1997) . In addition, germline mutations in the PTEN gene are the cause of Cowden and Bannayan-Riley-Ruvalcaba syndromes (Waite and Eng, 2002) . PTEN is formed of an amino-terminal (NT) phosphatase domain, a phospholipid-binding C2 domain and a carboxy-terminal (CT) tail region that contains Ser-Thr phosphorylation sites and a PDZ (PSD-95/Disc-large/ZO-1)-binding motif (Lee et al, 1999; Vazquez et al, 2000) . PTEN antagonizes the activity of phosphatidylinositol-3-OH kinase (PI3K) by dephosphorylating phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ) to phosphatidylinositol 4,5-bisphosphate (Maehama and Dixon, 1998) . PIP 3 recruits and activates pleckstrin-homology-containing molecules such as the SerThr kinase Akt/PKB, triggering the activation of multiple downstream effectors. These control cell survival, growth, proliferation and other cellular processes. The PI3K pathway is activated by a plethora of extracellular stimuli. Plateletderived growth factor (PDGF) is a potent activator of the PI3K in many cell types. PDGF family comprises four members, A, B, C and D, that are secreted as dimers, with roles in both normal growth and pathologies associated with tissue overgrowth such as atherosclerosis, rheumatoid arthritis and cancer (Heldin and Westermark, 1999) . PDGFs bind and signal through two cell-surface receptor tyrosine kinases, PDGFRa and PDGFRb. PDGF-dependent receptor dimerization is prerequisite for receptor autophosphorylation and subsequent signal propagation. Through tyrosine residues located in the intracellular domain, the receptor dimers recruit and activate several Src homology 2-domain-containing proteins, such as the p85 subunit of PI3K, phospholipase C-g, SHP2 phosphatase and Src family kinases. PDGFRs also contain a CT PDZ-binding motif that was described to bind the adaptor molecule NHERF1/EBP50 (Na þ /H þ exchanger isoform 3 (NHE3) regulatory factor 1/ezrin-radixin-moesin (ERM)-binding phosphoprotein 50) (Maudsley et al, 2000) . NHERF1 was independently identified as a partner for ERM proteins (Reczek et al, 1997) and for NHE3 (Weinman et al, 1998) . NHERF2, also identified as an NHE3-interacting protein (Yun et al, 1997) , shares 52% identity and conserved domain architecture with NHERF1. Both NHERFs contain two NT PDZ domains and a CT ERM-binding region and were shown to interact with PDGFR via their PDZ1 domain (Maudsley et al, 2000; Jung Kang et al, 2004) . However, the significance of this association in the activation of the extracellular signal-regulated kinase (Erk) and PI3K by PDGF is controversial (Maudsley et al, 2000; Demoulin et al, 2003; Jung Kang et al, 2004) . If the function of PTEN as phosphoinositide phosphatase is well documented, the regulation of its activity is still poorly understood. Our previous work indicated that the recruitment of PTEN to the plasma membrane is crucial for its tumor suppressor function (Georgescu et al, 2000; Sumitomo et al, 2004) . Several PTEN-interacting proteins were proposed to recruit PTEN at the membrane (Wu et al, 2000a, b; Sumitomo et al, 2004; Kotelevets et al, 2005) . Of these, the scaffolding membrane-associated guanylate kinase with inverted orientation (MAGI) proteins 1b, 2 and 3 (Wu et al, 2000a, b; Kotelevets et al, 2005) were reported to interact with PTEN via PTEN's PDZ motif. However, their role in regulating PTEN tumor suppressor function is not yet clearly defined. In this study, we found that PTEN interacts with the NHERF adaptor proteins. We show the formation of a ternary complex between PTEN, NHERF proteins and PDGFR. By using NHERF1( þ / þ ) and (À/À) mouse embryonic fibroblasts (MEFs) in combination with small interfering RNA (siRNA) depletion of NHERF2, we showed specific enhancement of the PI3K pathway activation after PDGFR stimulation in cells lacking NHERF proteins. These data are consistent with our model in which PTEN is recruited by NHERF proteins to restrict the PI3K signaling downstream of PDGFR.
Results

NHERF proteins directly associate with PTEN
To identify proteins that associate and potentially regulate PTEN, we performed yeast two-hybrid screen with PTEN as bait. After nutritional selection and b-galactosidase reporter screening, a positive cDNA was further characterized. This cDNA encoded a splice variant of NHERF1, containing the PDZ1 domain followed by 109 residues encoded by a sequence from the 3 0 UTR. Because we subsequently identified other splice variants of NHERF1 (Morales et al, 2004) , we named this variant I5 (isoform 5) ( Figure 1A) . The presence of a PDZ domain in I5 suggested that the interaction with PTEN takes place between the CT PDZ motif of PTEN and the PDZ domain of I5. PTEN wild type and PTEN-401 mutant lacking the PDZ motif ( Figure 1A ) were purified as glutathione S-transferase (GST)-fusion proteins and incubated with extracts from 293T cells overexpressing I5 or the ZO-1 PDZ-containing protein, as negative control ( Figure 1B ). PTEN associated with I5 and the association was severely reduced for PTEN-401. We next purified each PDZ domain of NHERF1 ( Figure 1A ) and tested their binding affinity for PTEN. Only PDZ1 was able to precipitate PTEN ( Figure 1C , upper panel). Taken together, these data indicated that the interaction between NHERF1 and PTEN takes place between NHERF1-PDZ1 domain and the PDZ motif of PTEN.
An increased affinity of unphosphorylated PTEN for the PDZ-containing protein MAGI-2 has been reported previously (Tolkacheva et al, 2001; Vazquez et al, 2001) . We analyzed the affinity of unphosphorylated PTEN for NHERF1-PDZ1 by GST-PDZ1 precipitation of the phosphorylation-defective mutant PTEN-3A relatively to wild-type PTEN ( Figure 1C ). PTEN-3A had a significantly higher affinity than wild-type PTEN for NHERF1-PDZ1, indicating that the PDZ-based interaction between PTEN and NHERF1 is decreased by the phosphorylation of the S380/T382/T383 site situated in the proximity of the PDZ-binding motif.
To investigate if there is direct association between PTEN and NHERF1, we performed overlay assays using filterimmobilized GST-NHERF1 fusion proteins ( Figure 1D ). Similarly, we analyzed the interaction between PTEN and NHERF2. Overlaid GST-PTEN-CT ( Figure 1A ) bound directly to NHERF1-PDZ1 domain and to both PDZ domains of NHERF2 ( Figure 1D ). To ensure that the domain structure is preserved in filter-immobilized proteins, we analyzed the binding between PTEN and the Q37R NHERF1-PDZ1/M point mutant ( Figure 1A ). The residue Q37 is conserved in NHERF proteins from various species and is situated in the PDZ1-bC strand, which does not make a direct contact with the peptide ligand (Doyle et al, 1996) . The mutant protein did not bind PTEN ( Figure 1D ), indicating that the binding is specific and dependent on the correct folding of the PDZ1 domain. A known binding partner of NHERFs is PDGFRb. We confirmed that PDGFRb binds to NHERF1-PDZ1 domain (Maudsley et al, 2000) but we found that it associates with NHERF2 through the NHERF2-PDZ2 domain ( Figure 1D ).
PTEN associates with NHERF2 in vivo
To show in vivo association between NHERF proteins and PTEN, we expressed GST-tagged NHERF2 and FLAG-tagged PTEN-124/3A in 293T cells (Figure 2A ). The phosphataseinactivating C124S mutation was previously noticed to increase the stability of overexpressed PTEN proteins (Das et al, 2003) . By introducing it in PTEN-3A, we increased the expression level of PTEN-3A that otherwise presents very low expression levels (see Figure 1C) . Western blot analysis with anti-FLAG antibody of proteins precipitated with glutathione beads showed that PTEN co-immunoprecipitated with both human and mouse NHERF2. The reciprocal co-immunoprecipitation experiment confirmed the complex formation between NHERF2 and PTEN in vivo (Figure 2A) . The associations between NHERF1 and its partners have been reportedly difficult to prove in vivo (Maudsley et al, 2000; Lau and Hall, 2001; Li et al, 2004) . We have also failed to reproducibly show in vivo the association between NHERF1 and PTEN (not shown).
To show the association between endogenous PTEN and NHERF2, PTEN was immunoprecipitated from LN308 PTENdeficient and LN18 PTEN-expressing glioblastoma cell lines (Ishii et al, 1999) . Endogenous NHERF2 co-immunoprecipitated with PTEN only in LN18 PTEN-expressing cells ( Figure 2B ). The association between endogenous NHERF2 and PTEN was also detected in normal lung tissue where NHERF2 is highly expressed ( Figure 2C ). We observed that NHERF2 appears as a doublet by Western blotting. On searching the expressed sequence tag (EST) database, we found that NHERF2 may have two splice variants in both humans and mice in addition to the full-length protein of 338 residues. The first isoform has 317 residues and lacks exon 6 that encodes residues 264-286 (e.g. GenBank accession numbers CK020840 and BC070458). This deletion is in the linker separating the PDZ2 domain from the EB region and is not predicted to affect the interactions of NHERF2 with its ligands. The second isoform of 227 residues lacks exon 1 that encodes the PDZ1 domain and has an ectopic transcription initiation in intron 1 that adds an initial stretch of 28 residues (e.g. AK002557, BC065778 and CR613953).
Complex formation between PTEN, NHERF proteins and PDGFR
GST-NHERF proteins were tested for their ability to precipitate endogenous PTEN and PDGFRb from mouse brain total lysate ( Figure 3A ). The affinity of NHERF2 for PTEN was much higher than that of NHERF1, confirming the in vivo binding data (Figure 2) . The affinity for endogenous mouse PDGFRb was equivalent among human NHERF proteins, but significantly increased for mouse NHERF2, suggesting intraspecies preference. In agreement with the in vitro data from Figure 1D , NHERF2-PDZ1 was required for PTEN but not for PDGFRb association, whereas NHERF1-PDZ1 domain was required for PDGFRb association ( Figure 3A ). Although this experiment suggested that NHERF proteins complex with both PTEN and PDGFRb, it did not exclude the possibility of separate complexes with these partners. To ascertain that NHERF proteins bridge a complex between PTEN and PDGFRb, we performed a sandwich-overlay assay in which immobilized PTEN was overlaid with NHERF proteins, in a first step, and with PDGFRb, in a second step ( Figure 3B ). Recombinant PTEN-CT, PTEN-351 (see Figure 1A) , control GST and full-length NHERF1 were immobilized on filters and overlaid either with recombinant human NHERF1, NHERF2 or with buffer ( Figure 3B , first, second and third panels, respectively). The filters were washed and incubated with Myc-tagged PDGFRb-CT, which was further revealed by subsequent incubation with Myc antibody. PDGFRb-CT did not bind PTEN-CT directly ( Figure 3B , buffer panel) but bound PTEN when either NHERF1 or NHERF2 was initially incubated with PTEN ( Figure 3B , upper two panels). Similar results were obtained when the whole intracellular domain of PDGFRb (550 residues) was used instead of the PDGFRb-CT (not shown). No association was observed with PTEN-351 that lacks the PDZ motif ( Figure 3B ). Because NHERF1 interacts only through its PDZ1 domain with the PDZ motifs of PTEN and PDGFR ( Figure 1D ), we analyzed the molecular requirements for the ternary complex formation. Filter-immobilized PTEN-CT was overlaid with PDZ1, PDZ2 or both PDZ domains of NHERF proteins, followed by Myc-PDGFRb-CT incubation ( Figure 3C ). Both NHERF PDZ domains were able to bridge PDGFRb to PTEN. Except for a very weak association in the case of NHERF1-PDZ1 domain, the isolated PDZ domains were not sufficient for assembling the complex. This observation, coupled with published results showing oligomerization of NHERF proteins through PDZ-PDZ interactions (Fouassier et al, 2000; Lau and Hall, 2001; Shenolikar et al, 2001) , suggested that the complex between PTEN and PDGFR is mediated by dimers or oligomers of NHERF proteins that require both PDZ domains in order to form.
Because the bridging overlay assay revealed that both NHERF proteins could link PDGFRb to PTEN ( Figure 3B ), whereas the GST pull-down assay showed a higher affinity of NHERF2 for endogenous PTEN ( Figure 3A) , we analyzed the in vivo formation of the complexes containing NHERF proteins, PTEN and PDGFRb by gel filtration ( Figure 4A ). In addition to the two elution peaks previously detected (Vazquez et al, 2001; Sumitomo et al, 2004) , corresponding to the monomeric form and to the form engaged in high molecular weight (MW) complexes, PTEN from mouse brain lysates also eluted in intermediate MW peaks (Figure 4A and C). PDGFRb and NHERF2, but not NHERF1 or MAGI-1, coeluted with PTEN in the high MW peak (around 669 kDa), suggesting that NHERF2 is more likely to bridge PTEN and PDGFRb in mouse brain. Recently, antibodies to PTEN's CT were shown to reduce PTEN's ability to interact with PDZ domains (Andres-Pons et al, 2005) . Immunodepletion of PTEN from total brain lysates with an antibody against PTEN's CT ( Figure 4B , depletion 1) resulted in the depletion of the monomeric peaks and one intermediate MW (232 kDa) peak but not of the high MW peak ( Figure 4C ). This suggested that PTEN's CT is involved in intermolecular interactions in the high MW complexes, most likely through the PDZ motif. Subsequent depletion of PTEN with an NT antibody from the lysate clarified first with the CT antibody ( Figure 4B , depletion 2) showed partial depletion of PTEN from the high MW complex ( Figure 4C ), suggesting participation of PTEN's NT in protein interactions. This procedure also enabled us to detect the complex between PTEN, NHERF2 and PDGFRb in mouse brain ( Figure 4D ). As expected, this complex was immunoprecipitated only by PTEN NT antibody after enrichment of complex-engaged PTEN by prior depletion of the monomeric PTEN by the CT antibody.
Increased PI3K pathway activation by PDGF in NHERF-depleted cells
PDGFRb activation results in the potent stimulation of the PI3K pathway by direct recruitment of the PI3K regulatory subunit to the receptor. Because PTEN antagonizes PI3K, we investigated whether PTEN is functionally recruited to PDGFRb by the NHERF proteins to confine the activation of the PI3K. NHERF1( þ / þ ) and (À/À) MEFs were stimulated with PDGF-BB and analyzed comparatively for the activation of Akt and p70 S6 kinase downstream effectors of PI3K. PDGF stimulation resulted in higher levels of activation of Akt and p70 S6 kinase in NHERF1(À/À) compared to ( þ / þ ) MEFs ( Figure 5A ). There was a decrease in total Akt upon PDGF stimulation, which might represent a compensatory mechanism for the positive feedback loop of Akt activation by RictormTOR complex (Sarbassov et al, 2005) . The Akt basal activity was higher in non-stimulated NHERF1(À/À) MEFs than in ( þ / þ ) MEFs and this ratio significantly increased at later time points ( Figure 5A , lower graph), indicating persistent activation of PI3K in NHERF1(À/À) MEFs. As expected, expression of exogenous NHERF1 in NHERF1(À/À) MEFs (B), except that the full-length NHERF1 and NHERF2 used for the first-step overlay were replaced by their corresponding domains schematically shown in Figure 1A . Note bridging of a complex between PTEN and PDGFR by full-length or both PDZ domains of NHERF proteins.
by retroviral infection decreased the activation of Akt by approximately two-fold ( Figure 5B) . Conversely, the expression of dominant-negative NHERF1-PDZ1 in NHERF1( þ / þ ) MEFs increased the activation of Akt by approximately twofold ( Figure 5C ). Equal amounts of p85, p55 and p50 PI3K regulatory subunits were recruited to stimulated PDGF (Supplementary Figure 1A) , whereas PTEN expression levels were slightly elevated in NHERF1(À/À) MEFs ( Figure 5A ). By cellular fractionation, PTEN's cytoplasmic levels were higher in NHERF1(À/À) cells compared to ( þ / þ ) cells ( Figure 5D ). However, the phosphatase activity of immunoprecipitated cytoplasmic PTEN was undetectable compared to negative control (not shown), suggesting that the cytoplasmic pool of PTEN was inactive. PTEN membrane levels were barely detectable in both cell types, suggestive of rapid turnover of PTEN at the membrane (Das et al, 2003) . It is likely that PTEN's enhanced cytoplasmic level in the absence of NHERF1 might be due to a reduced recruitment to the membrane compartment where PTEN is rapidly degraded.
PDGF stimulation resulted in a milder activation of Erk than of Akt in MEFs ( Figure 5E ). No clear difference between the levels of Erk activation in NHERF1(À/À) and ( þ / þ ) cells was apparent ( Figure 5E ), suggesting that NHERF1 is important for the modulation of the PI3K rather than of the Erk pathway following PDGF stimulation. Control phosphorylated PDGFRb on Tyr751 that represents the docking site for the p85 PI3K on PDGFRb showed equal levels in NHERF1( þ / þ ) and (À/À) MEFs, indicating that receptor autophosphorylation is similar in both cell types ( Figure 5E ). Although the epidermal growth factor receptor (EGFR) was reported not to bind to NHERF1 (Maudsley et al, 2000) , a recent report showed association of the two proteins through internal PDZ motifs in the EGFR-CT (Lazar et al, 2004) . We also tested their association by overlay assay and found a significantly lower affinity of NHERF1 for EGFR than for PDGFR (Supplementary Figure 1B) . By stimulating NHERF1( þ / þ ) and (À/À) MEFs with EGF, no difference was detected for the activation of the PI3K and Erk pathways between the two cell types (Figure 5F ), indicating that NHERF1 specifically restricts the activation of the PI3K pathway downstream of PDGFR in these cells.
To determine the contribution of NHERF2 to the activation of the PI3K by PDGF, we depleted NHERF2 in MEFs by using siRNA. A mixture of two siRNA sequences successfully decreased by more than 80% the expression of NHERF2 in comparison with control, scrambled siRNA ( Figure 6A ). Similar to our findings in NHERF1( þ / þ ) and (À/À) MEFs (Figure 5A ), the depletion of NHERF2 in NHERF1(À/À) MEFs resulted in a prolonged PI3K activation after PDGF stimulation ( Figure 6B ). These data suggested that both NHERF1 and NHERF2 restrict the PI3K activation downstream of PDGFR.
NHERF1 loss enhances PDGF-induced actin reorganization and chemotaxis
PDGF is known to induce rapidly actin reorganization in stimulated cells with loss of stress fibers and peripheral and circular dorsal ruffle formation (Heldin and Westermark, 1999) . After PDGF-BB stimulation, we observed the formation of both peripheral and circular dorsal ruffles in both NHERF1( þ / þ ) and (À/À) MEFs. However, the circular dorsal ruffles were more numerous and with more prominent actin ring reorganization in NHERF1(À/À) cells than in the ( þ / þ ) controls ( Figure 7A ). PDGF also induces chemotactic migration of cells (Heldin and Westermark, 1999) . A Transwell assay where NHERF1( þ / þ ) and (À/À) MEFs migrated across fibronectin-coated filters was used to assess PDGF-and EGF-driven chemotaxis ( Figure 7B ). PDGF but not EGF determined enhanced chemotaxis in NHERF1(À/À) cells as compared to ( þ / þ ) cells. These results indicate that NHERF1 suppresses PDGF-induced cytoskeletal rearrangements and chemotactic migration of cells.
Discussion
In this study, we addressed the question of how PTEN, a cytoplasmic protein, contacts its enzymatic substrate in the membrane. Candidate proteins that can recruit PTEN to the membrane have been identified previously, and these include the MAGI proteins and NEP (Wu et al, 2000a, b; Sumitomo et al, 2004; Kotelevets et al, 2005) . We described here the interaction of PTEN with the two homologous NHERF proteins, which are localized at the plasma membrane in physiological conditions (Ingraffea et al, 2002) . Similarly to MAGI proteins, NHERF proteins interacted via their PDZ domains with the PDZ motif of PTEN. This interaction was increased by dephosphorylation of S380/T382/T383 in the tail of PTEN that most likely exposes PTEN's PDZ motif. Whereas the MAGI proteins that contain six PDZ domains have not been shown to interact with PDGFR, both NHERF proteins were shown to associate with PDGFR through a PDZ-domain-mediated interaction with the CT PDZ motif of PGDFR (Maudsley et al, 2000; Jung Kang et al, 2004) . We showed by in vitro overlay assays that both NHERF proteins assembled a complex between PTEN and the intracellular domain of PDGFR. Unlike a recent report that indicated direct association between PTEN and PDGFR (Mahimainathan and Ghosh Choudhury, 2004) , we found that PTEN and PDGFR did not interact directly and required the presence of NHERF proteins for complex formation (Figure 8) . We also showed the assembly of a ternary complex between PTEN, NHERF2 and PDGFR in mouse brain On ordinate, the number of migratory cells, processed as described in Materials and methods, is represented as the photometric intensity of the hematoxylin-eosin staining. The means7standard deviations were calculated from triplicates within the same experiment and asterisks mark statistically significant differences (Po0.05). This experiment was repeated three times with similar results.
lysate that appeared to fractionate in a high MW (4669 kDa) elution peak by gel filtration.
The data describing the effects of the association between NHERF proteins and PDGFR on PDGFR signaling are controversial in the literature (Maudsley et al, 2000; Demoulin et al, 2003; Jung Kang et al, 2004) . These differences could be due to the fact that most of these studies were performed with overexpressed proteins that can induce experimental artifacts. To avoid these drawbacks, we used normal MEFs in which the endogenous NHERF1 was depleted by gene inactivation (Morales et al, 2004) and NHERF2 by direct siRNA treatment. In contrast to overexpressed NHERF1 that is detected in both membrane and cytoplasmic compartments, we detected NHERF1 only in the membrane fractions from MEFs, suggesting a physiological subcellular localization for NHERF1 in these cells. We found that in NHERF1(À/À) as compared to ( þ / þ ) MEFs, the activation of the PI3K pathway and not of Erk was increased after stimulation with PDGF. These results indicated that NHERF1 is necessary for the attenuation of the PI3K pathway, most likely in complex with PDGFR and PTEN (Figure 8 ). In support of this model, it was reported that stimulation of a PDZ motif mutant PDGFR that was unable to bind NHERF1 induced higher Akt but not Erk activation in comparison to the wild-type PDGFR (Demoulin et al, 2003) .
The depletion of NHERF2 by siRNA treatment in NHERF1(À/À) MEFs raised also the level of PI3K activation after PDGF stimulation, suggesting functional redundancy between NHERFs. Although NHERF1 and NHERF2 are coexpressed in MEFs, their expression is generally not overlapping in the same cells from adult tissues (Ingraffea et al, 2002) , arguing against redundancy in the living organism. NHERF1 and NHERF2 exhibited also molecular differences in complex formation with PTEN and PDGFR. The PDZ1 domain of NHERF1 was the exclusive interactor of both PTEN and PDGFR. For NHERF2, the PDZ2 domain interacted with both PDGFR and PTEN, and PDZ1 interacted weakly with PTEN. Nevertheless, both PDZ1 and PDZ2 domains of NHERF proteins were necessary for bridging PTEN to PDGFR. NHERF proteins were shown to self-associate through PDZ-PDZ interactions (Fouassier et al, 2000; Lau and Hall, 2001; Shenolikar et al, 2001 ) and the requirement for both PDZ domains most likely reflects the necessity for oligomerized NHERF proteins in the ternary complex formation (Figure 8) . The ability to engage in protein complexes in vivo appeared different for NHERF2 and NHERF1. The analysis of complexes from brain extracts separated by gel filtration showed participation of NHERF2 in a high MW complex where PTEN and PDGFR also co-eluted. NHERF1 was not detected in this complex. We are currently investigating whether NHERF1 may be artificially dissociated from complexes by detergent solubilization of membranes or whether it participates to a very limited extent in protein complexes, as reported in the case of its association with cystic fibrosis transmembrane conductance regulator (Li et al, 2004) .
We found that only a small fraction of PTEN from brain extracts eluted in the high MW complex. Vazquez et al (2000) reported that this fraction is not phosphorylated on Ser-380 and presumably can engage in interactions with PDZdomain-containing proteins. By depleting PTEN from brain lysate with antibodies directed to PTEN's CT or NT, we found that only the NT antibody partially depleted PTEN from this high MW complex. This clearly indicates that PTEN associates through its CT to proteins from the high MW complexes. Although PTEN's PDZ motif is not required for PTEN-mediated growth suppression of PTEN-deficient cancer cell lines , it was elegantly shown to be necessary for the inhibition by PTEN of PDGF-induced membrane ruffling (Leslie et al, 2000) . We have found that NHERF1 is also required for inhibiting PDGF-induced membrane ruffling and chemotactic migration. As PTEN interacts through its PDZ motif with NHERF proteins, the absence of either the PDZ motif of PTEN or of NHERF proteins would prevent the formation of the PTEN-NHERF-PDGFR complex with inhibitory effect on the activation of the PI3K. Several studies indicated that pharmacological inhibition of PI3K blocked the cytoskeletal rearrangements and chemotaxis induced by PDGF (Wymann and Arcaro, 1994; HooshmandRad et al, 1997) . From our study, these processes appear to be physiologically regulated in normal fibroblasts by PTEN in complex with NHERF proteins and PDGFR.
This study clarifies that NHERF proteins suppress PI3K signaling and PDGF-induced cell motility and points to a helper role for NHERF proteins in PTEN tumor suppressor activity. Unlike PTEN-deficient mice, NHERF1-deficient animals do not present a significantly higher rate of tumor development compared to controls (data not shown), but crosses between PTEN and NHERF1-deficient mice will indicate whether NHERF1 has a helper role for oncogenesis in vivo. In humans, point mutations and loss of heterozygosity of NHERF1 were recently described in advanced breast cancers (Dai et al, 2004) . A careful examination of the NHERFs' status in tumors harboring wild-type PTEN but increased PI3K activation will further elucidate the importance of the PTEN-NHERF connection for cancer progression. 
Materials and methods
Yeast two-hybrid library screening Human PTEN cDNA (403 amino acids) was inserted in-frame with LexA in the pLex9 vector (gift of Stanley Hollenberg). The L40 yeast strain carrying the HIS3 and LacZ genes under the control of four and eight tandem LexA operators, respectively (Hollenberg et al, 1995) , was transformed first with pLex-PTEN (pLEX9 carries the TRP1 gene as a selectable marker) and subsequently with a human Jurkatt T-cell cDNA library (Clontech) cloned in pACT2 vector in fusion with GAL4 activation domain (pACT2 carries the LEU2 gene as a selectable marker). Double transformed yeast cells were grown on plates in selection medium lacking tryptophan, leucine and histidine. Resistant colonies were isolated and processed for the identification of positive clones by b-galactosidase filter assay. Target cDNAs were subjected to sequence analysis.
Plasmid construction
Wild-type PTEN and CT deletion mutants PTEN-401 and PTEN-351 inserted in pGEX-6P-1, FLAG-tagged PTEN and the phosphorylation-defective PTEN-3A mutant, in which S380, T382 and T383 were replaced with alanines, were described elsewhere Sumitomo et al, 2004) . The CT half of PTEN (residues 186-403), PTEN-CT, was inserted in-frame with the GST moiety in the pGEX-6P-1 vector. The double phosphorylation-defective and phosphatase-inactive mutant PTEN-124/3A in pCMV-2-FLAG was generated by introducing the C124S mutation in PTEN-3A. Human NHERF1 (encoding 358 residues) was obtained from the clone CS0DE007YB08 (Invitrogen). NHERF1 deletion mutants in pGEX-6P-1 vector were obtained by PCR or enzyme restriction: PDZ1 (121 residues), PDZ1iP (inter-PDZ, 148 residues), PDZ2-EB (from residue 147-end) and PDZ1-2 (297 residues) (see Figure 1A) . The mutation Q37R was introduced by PCR in PDZ1iP, yielding the mutant PDZ1/M. NHERF1 and PDZ1 were also cloned in pCX b and pCX p retroviral vectors , respectively. Human (h) and mouse (m) NHERF2 cDNAs (encoding 337 residues) were obtained from ESTs 2958186 (ATCC) and GI001B12 (Open Biosystems), respectively, and were inserted in-frame with an NT GST moiety in the vectors pGEX-6P-1 and pEBG (gift of Bruce Meyer) for bacterial and mammalian expression, respectively. NHERF2 deletion mutants in pGEX-6P-1 vector were obtained by PCR or enzyme restriction: hPDZ1iP (145 residues), mPDZ2-EB (from residue 47-end) and hPDZ1-2 (315 residues). pGEX-Myc vector was generated by inserting a Myc tag in-frame after the GST moiety of pGEX-6P-1 vector. A fragment encoding the CT 50 residues of hPDGFRb was obtained by reverse transcription and PCR from placenta mRNA (Stratagene) and inserted in pGEX-Myc vector. Similarly, the whole intracellular domain of PDGFRb (residues 557-1106), obtained by PCR from hPDGFRb (gift of Andrius Kazlauskas), and the CT 196 residues of EGFR obtained by PCR from hEGFR (gift of Oliver Bögler) were inserted in pGEX-Myc vector. The Myc-tagged ZO-1 construct containing the two NT PDZ domains of ZO-1 was a gift of Alan Fanning. More information on the cloning of these constructs is available on request.
Overlay assays
GST-fusion proteins were purified from bacterial cultures and used for GST pull-down assays as described . For overlay assay, 0.5 mg of recombinant GST-fusion proteins was separated on gel, transferred to nitrocellulose filter and overlaid overnight at 41C with either GST-PTEN-CT or GST-Myc-PDGFR-CT (10 mg protein/ml blocking buffer). The filters were washed and processed for Western blot analysis by incubation with PTEN (A2B1) or Myc antibodies, followed by incubation with a secondary antibody. Bridging overlay assays were performed similarly to the overlay assays, except that the filter-immobilized proteins were overlaid with various recombinant proteins in two consecutive steps, separated by filter washing, before incubating the filters with the primary Myc antibody directed against the last overlaid recombinant protein.
Cells
293T human embryonic kidney cells, Bosc cells, LN308 and LN18 glioblastoma cells (gift of Erwin Van Meir) were grown in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal calf serum (FCS) (complete growth medium). MEFs were isolated from 14-day-old embryos resulting from NHERF1( þ /À) crosses (Morales et al, 2004) . The heads and limbs of the embryo were removed under microscope and prepared for genotyping, and the bodies of the embryos emptied of the bowels, heart and liver were homogenized and incubated with trypsin. Each homogenate was plated on gelatinized plates in DMEM supplemented with 10% FCS, resulting in individual MEFs at passage 0. In this study, MEFs derived from at least five cell populations from each NHERF1(À/À) and ( þ / þ ) MEF were expanded and used for subsequent experiments.
Protein analysis
The protocols for transfection, retroviral infection, cell lysis, protein immunoprecipitation and Western blotting were previously described . All buffers were supplemented with 1 mM phenylmethylsulfonyl fluoride, 21 mg/ml aprotinin, 1 mM sodium orthovanadate and 0.1 mM sodium molybdate. For fractionation, MEFs were homogenized in buffer 1 (320 mM sucrose, 1 mM MgCl 2 , 0.5 mM CaCl 2 and 4 mM Hepes (pH 7.1)). The lysates were clarified at 1500 g for 10 min at 41C and further centrifuged at 14 000 g for 15 min at 41C. The supernatant was saved as the cytoplasmic fraction and the pellet was washed with buffer 1 and resuspended in membrane solubilization buffer (500 mM NaCl, 10 mM Tris (pH 7.4), 1 mM EDTA and 1% Triton X-100).
Antibodies used were PTEN (mouse A2B1 and goat N-19 raised against epitopes in the CT and NT, respectively), Myc tag (9E10), GST tag (B-14), PDGFRb (958), Erk2 (C-14), p85 PI3K (Z8) (Santa Cruz Biotechnology), phospho-Akt-S473, Akt/PKB, phospho-p44-p42-T202/Y204-MAP kinase (P-Erk), phospho-PDGFR-Y751, phospho-p70-S6 kinase-T389, p70-S6 kinase (Cell Signaling), FLAG tag (M2, Sigma-Aldrich), NHERF1 (Calbiochem), NHERF2 (Morales et al, 2004) and actin (Chemicon).
The gel filtration analysis of proteins from brain total extracts was performed as described (Sumitomo et al, 2004) . Each brain from 9-month-old NHERF1( þ / þ ) mice was homogenized in 2 ml of buffer (50 mM Hepes (pH 7.5), 150 mM NaCl, 5 mM EDTA and 0.5% NP-40). After clarification, the brain lysate was crosslinked with 5 mM dithiobis(succinimidyl)propionate (Pierce) for 2 h on ice. Tris-HCl (20 mM, pH 7.5) was added to quench the reaction. The sample was filtered and added to a Sephacryl S-300 column (Amersham). The crosslinking was verified by resuspending the precipitated proteins from fractions in non-reducing or reducing Laemmli sample buffer. For the depletion studies, the crosslinked brain lysate containing approximately 25 mg proteins was divided equally and incubated with 100 ml Dynabeads protein G (Dynal Biotech) and either 20 mg PTEN CT antibody or control mouse Ig for 4 h at 41C. The supernatants were used for gel filtration (CT depletion) or further incubated with 50 ml Dynabeads and either 10 mg PTEN NT antibody or control goat Ig overnight at 41C. The remaining supernatants were applied to gel filtration column (CT-NT depletion).
Small interfering RNA depletion A total of 8 Â10
4 MEFs/well in six-well plates were transfected with 4 ml DharmaFECT4 and 100 nM of a 1:1 combination of #2 and #3 individual siRNAs from the siGENOME SMARTpool siRNA for mouse NHERF2 or with scrambled siCONTROL non-targeting siRNA pool (Dharmacon, Lafayette, CO). For the time-course experiments, the cells treated with siRNA for 72 h were placed in DMEM supplemented with 0.5% serum for 24 h. Cells were stimulated with 0.5 ng/ml of PDGF-BB (Sigma-Aldrich) for various periods of time and promptly lysed in cell lysis buffer.
Actin reorganization and chemotaxis
The immunofluorescence analysis of formaldehyde-fixed cells was previously described (Georgescu et al, 2000) . Briefly, NHERF1 ( þ / þ ) and (À/À) MEFs plated overnight on poly-D-lysine-coated coverslips in complete growth medium were serum-deprived for 8 h, stimulated with 5 ng/ml PDGF-BB for 10 min and fixed. The actin cytoskeleton was stained by incubation with rhodaminelabeled phalloidin (Molecular Probes) for 30 min. For chemotaxis, a modified Boyden chamber assay was used. The lower surface of Transwell inserts that fit 24-well plates and support an 8-mm-poresize polycarbonate filter (Corning Incorporated Costar) was coated with 10 mg/ml fibronectin (Gibco BRL) in 200 ml DMEM overnight at 41C. The inserts were transferred to new wells that contained 400 ml of either serum-free DMEM or various concentrations of growth factors. A suspension of 5 Â10 4 serum-deprived cells was added to 100 ml of serum-free DMEM in the inserts. The cells were allowed to migrate across the pores for 6 h at 371C. The inserts were removed and the upper surface of the filter was wiped with a cotton tip to remove non-migratory cells. Migratory cells on the lower surface were fixed and stained using HEMA 3 stain set (Biochemical Sciences Inc.). To remove excess stain, filters were washed extensively with water and air-dried. The dye was extracted from the fixed cells with 500 ml of 2% (wt/vol) sodium dodecyl sulfate solution. The intensity of the dye was quantified by measuring the absorbance at 630 nm with a Beckman spectrophotometer DU640.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
